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Morphology of the ascending thick limb of Henle. The
morphologic characteristics of the medullary and cortical seg-
ments of the ascending thick limb of Henle were examined in the
rat utilizing light microscopy, transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). The kidneys of
six normal female Sprague-Dawley rats were preserved for
morphological examination utilizing in vivo intravascular per-
fusion with 6.25% glutaraldehyde buffered in O.1M sodium
cacodylate. SEM revealed the presence of two distinctly different
patterns of surface structure among the population of cells
forming the epithelium of the ascending thick limb, a rough-
surfaced cell with prominent microvilli (R cell) and a smooth-
surfaced cell generally devoid of extensive microvilli except
along the lateral cell margins (S cell). This variation in surface
structure was confirmed with light microscopy and TEM. Through-
out both the medullary and cortical segments of the ascending
thick limb, the R cells possessed extensive lateral processes radi-
ating from the main cell body to interdigitate with adjacent cells.
Lateral processes of S cells were less common than those of the R
cells in the inner stripe of the outer medulla, but increased in
number and complexity in the Outer stripe of the outer medulla and
throughout the cortex. S cells outnumbered R cells in the inner
stripe of the outer medulla. As the thick limb traversed the outer
medulla and ascended toward the parent renal corpuscle, there was
a marked increase in the relative number of R cells. In the cortical
segment of the ascending thick limb, both the R and S cells tended
to acquire a more extensive population of microvilli over their
luminal surface making it increasingly difficult to establish clear-
cut distinctions between the two surface patterns. With the possible
exception that vesicles and tubulovesicular profiles located in the
apical region were more numerous in many of the S cells, addi-
tional morphological differences between the rough and smooth-
surfaced cells were not evident. Whether the morphological results
represent two distinct cell types or simply a variation in the struc-
ture of a single cell type, their presence must be considered in
future structural-functional studies involving the ascending thick
limb of Henle in the rat.
Morphologie de Ia branche large ascendante de l'anse de Henle. La
morphologic des segments médullaire et cortical de Ia branche
large ascendante de Henle a été étudiée chez Ic rat par microscopic
photonique, microscopic électronique en transmission (TEM) et
microscopic électronique a balayage (SEM). Les reins de six rattes
Sprague-Dawley ont été fixes pour l'examen morphologique par
perfusion intravasculaire in vivo de glutaraldehyde a 6,25% tam-
ponnCe dans du cacodylate de sodium 0,1 M. La SEM a révélC Ia
presence de deux modalités très différentes de structures de surface
parmi Ia population de cellules formant l'épithélium de Ia branche
large ascendante: des cellules a surface rugueuse avec des micro-
villosités importantes (R cell) et des cellules a surface lisse genérale-
ment dépourvues de microvillositCs importantes sauf Ic long des
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parois latérales (S cell). Ces differences de Ia structure de surface
soot confirmées par Ia microscopic photonique et Ia TEM. Tout au
long des segments médullaire et cortical de La branche large ascen-
dante les cellules R possèdent des prolongements latéraux impor-
tants issus du corps de Ia cellule et qui forment des interdigitations
avec les cellules adjacentes. Les processus latéraux des cellules S
sont plus rares que ceux des cellules R dans Ia region interne de Ia
médullaire externe mais ils augmentent en nombre et en complexité
dans Ia partie externe de La médullaire externe et Ic long du cortex.
Les cellules S sont plus nombreuses que les cellules R dans Ia partie
interne de Ia médullaire externe. Au fur et a mesure que Ia branche
large monte on observe une augmentation importante du nombre
relatif des cellufes R. Dans Ic segment cortical les cellules R et S
tendent toutes deux a avoir une population plus importante de
microvillositCs sur leur surface luminale, cc qui rend difficile
l'établissement de differences nettes entre les deux aspects de sur-
face. Augune autre difference morphologique, entre les cellules R
et S n'est évidente, a l'exception possibles de vCsicules et de tubulo-
vésicules plus nombreuses dans Ia region apicale des cellules S. La
presence de ces differences morphologiques doit étre prise en con-
sidération dans les travaux ultérieurs corrélant Ia structure et La
fonction dans Ia branche large de l'anse ascendante du rat aussi
bien si ces differences témoignent de deux types cellulaires distincts
que s'iI s'agit seulement d'une variation de Ia structure d'un seul
type cellulaire.
Scanning electron microscopy (SEM) has become
increasingly valuable as an investigative tool to exam-
ine the morphologic characteristics of the mamma-
lian kidney. While considerable attention has been
directed toward elucidation of the morphology of the
renal corpuscle in both nondiseased [1—8] and dis-
eased [9—11] states, the tubular segments of the mam-
malian nephron have received much less emphasis [8,
12—15]. Preliminary SEM studies in our laboratory
revealed the presence of a considerable variation in
the configuration of the luminal surface of the epithe-
hum lining the thick ascending limb of Henle of the
rat. Thus, the present study was initiated to examine
the structure of this region of the mammalian renal
tubule in greater detail employing SEM along with
light microscopy and transmission electron micros-
copy (TEM).
Methods
Six female Sprague-Dawley rats weighing 150 to
250 g were employed in the investigation. All animals
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were studied after an overnight fast during which free
access to water was permitted. The animals were
anesthetized via the i.p. administration of sodium
pentobarbital (35 mg/kg of body wt), a tracheostomy
was performed and polyethylene catheters were in-
serted into the carotid artery and the jugular or fe-
moral vein. The animals were placed on a thermostat-
ically controlled warming table to maintain a body
temperature of 37°C and the lower abdominal aorta
was cannulated with a P.E. 160 catheter through an
abdominal incision in preparation for in vivo in-
travascular perfusion fixation of the kidneys as pre-
viously described [16]. A polyethylene (P.E. 160) cath-
eter was inserted into the urinary bladder via a small
suprapubic incision for visual monitoring of urine
flow. Estimated surgical blood loss was replaced with
isotonic saline (approximately 2 ml). Each animal
received an i.v. infusion of 0.85% NaCl at a rate of
0.02 ml/min during the procedure. Mean arterial
pressure was monitored throughout the procedure
with a pressure transducer (Sanborn 267 BC) con-
nected to a recorder (Sanborn, Hewlett-Packard Co.,
Waltham Div., Waltham, MA).
In preparation for perfusion fixation with 6.25%
glutaraldehyde buffered in 0.lM sodium cacodylate
(osmolality: 960 mosm/kg of H20), the kidneys were
flushed for 30 sec with warm 0.85% sodium chloride
solution at the same perfusion pressure (150mm Hg)
as that employed for perfusion of the fixative. After
the 30-sec rinse during which the organ blanched, the
perfusion of fixative was initiated without permitting
a decrease in perfusion pressure. Simultaneously, the
abdominal aorta just above the origin of the left and
right renal arteries was ligated. Within 20 sec, the left
renal vein was incised and perfusion fixation was con-
tinued for 10 to 15 mm during which time a total
volume of 100 ml of fixative was perfused at constant
pressure.
After completion of the perfusion, each kidney was
excised and tissue was harvested from all regions of
the organ for both SEM and TEM. The tissue was
fixed for an additional 4 hr in the same fixative at
room temperature before being subjected to a min-
imum 18-hr rinse in 0.1M sodium cacodylate with
7.5% sucrose.
Transmission electron microscopy. All tissue was
postfixed for two hours in 1% osmium tetroxide buf-
fered in s-collidine (osmolality: 190 mOsm/kg of
H20) before routine dehydration in a graded series of
alcohols and infiltration and embedding in epoxy res-
in (Epon) [17] for routine light microscopy and
TEM. Sections for light microscopy were cut at lii in
thickness on a Porter-Blum ultramicrotome and
stained with toluidine blue [181. Thin sections for
TEM were cut with diamond knives, doubly stained
with uranyl acetate [19] and lead citrate [20] and
examined and photographed with an electron micro-
scope (AEI 6B, AEI Scientific Apparatus, Inc., Elms-
ford, NY).
Scanning electron microscopy. Specimens utilized
for SEM ranged in size from approximately 2 mm3 to
entire sagittal sections of the kidney. After the initial
perfusion fixation, the tissue was subjected to an addi-
tional four hours of fixation in 6.25% glutaraldehyde
at room temperature before it was rinsed for as long
as one week at 4°C in 0.1M sodium cacodylate buffer
with 18% sucrose. Further processing was usually de-
layed until the 1 ,u sections of the Epon-embedded
material obtained from the same regions of the kid-
ney and prepared for TEM were reviewed to deter-
mine the adequacy of fixation. Dehydration for SEM
was accomplished in a graded series of alcohols and
the tissue was then subjected to critical point drying
[21] (Bomar SPC-900/EX critical point drying in-
strument, The Bomar Co., Tacoma, WA) using
Freon 113 (Matheson Gas Products, East-Ruther-
ford, NJ) as the intermediate fluid and Freon 13
(Matheson Gas Products) as transitional fluid. The
dried specimens were mounted on aluminum stubs
with silver conducting paint (Ernest F. Fullam, Inc.,
Schenectady, NY) and allowed to dry before coating.
Specimens were coated with platinum, palladium and
carbon in a vacuum evaporator equipped with a
rotary tilting stage or by sputtering (Film-Vac Mini
Coater, Film-Vac, Inc., Englewood, NJ) with gold-
palladium. All specimens were examined and photo-
graphed with an ETEC "Autoscan" scanning elec-
tron microscope (ETEC Corp., Hayward, CA)
operating at 10 or 20 kv.
Results
The ascending thick limb of Henle or pars recta
represents the initial portion of the distal tubule and
can be divided into a medullary and a cortical seg-
ment (Fig. 1). In long-looped nephrons, the me-
dullary segment begins as a rather abrupt transition
from the thin ascending limb of Henle, a transition
which forms the boundary between the inner medulla
and the inner stripe of the outer medulla [22]. In
short-looped nephrons, the same transition usually
takes place before the hairpin turn so that in most
instances the transition occurs between the thin de-
scending limb and the medullary segment of the thick
limb of Henle. From its transition with the thin limb,
the medullary segment of the ascending thick limb
extends upward to the boundary between the outer
stripe of the outer medulla and the cortex. The re-
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Fig. 1. Diagram illustrating the structural organization of the kidney.
The stippled regions of the long-looped nephron on the left and the
short-looped nephron on the right represent the ascending thick
limb of Henle.
mainder of the ascending thick limb, the cortical seg-
ment, begins at the cortico-medullary junction and
extends to the renal corpuscle of the nephron of ori-
gin where a specialized region, the macula densa, is
formed.
Scanning electron microscopy. A survey of the to-
pography of the ascending thick limb with SEM re-
vealed the existence of two distinctly different pat-
terns of surface structure among the population of
cells forming the epithelium of this segment of the
nephron (Fig. 2). One group of cells possessed a
rough irregular luminal surface due to the presence of
numerous and prominent microvilli and will be re-
ferred to as R cells to aid in their subsequent descrip-
tion and discussion. A second population of cells was
observed which was generally devoid of extensive mi-
crovilli except along the lateral cell margins. These
smooth-surfaced cells will be referred to subsequently
as S cells. Both cells types possessed one and occa-
sionally two cilia which usually occupied a central
position on the cell surface. Differences were noted in
the number and general appearance of the R and S
cells in the cortical and medullary segments of the
ascending thick limb.
1) Medullary segment. In the inner stripe of the
outer medulla, not too distant from the transition
with the thin limb, the appearance of R cells con-
trasted rather sharply with that of the neighboring S
cells (Fig. 3). The lateral interdigitations of the R
cells with the adjacent R and S cells were complex,1
and their cell margins were well delineated by numer-
ous short, blunt microvilli. A less dense population of
microvilli which were often slightly greater in diame-
ter was present over the remainder of the surface of
the R cells. The S cells in this region of the outer
medulla exhibited a variable pattern of inter-
digitation of their lateral cell processes with those of
neighboring cells. Where the lateral cell margins of
two S cells came into direct apposition, the cell
boundaries were relatively straight. However, where
an S cell lay in juxtaposition to an R cell, the former
possessed more extensive lateral processes which
freely interdigitated with those of the R cell (Fig. 3).
Although the S cells exhibited a relatively smooth
surface, numerous small microvilli outlined the lat-
eral cell margins as in the R cells. These microvilli
were, however, shorter than those of the R cells (Fig.
3).
In the early portion of the medullary segment of
the thick limb, the S cells outnumbered the R cells.
However, there appeared to be a steady increase in
the number of R cells along the upward course of the
tubule as it passed through the outer medulla. By the
time the tubule had reached the level of the boundary
between the inner and outer stripes of the outer me-
dulla, both R and S cells exhibited complex lateral
processes extending radially from the main cell body
(Fig. 4).
2) Cortical segment. No abrupt change or transi-
tion was noted as the ascending thick limb passed
from the outer medulla into the region of the me-
dullary ray of the inner and mid-cortex. Despite some
variation in the characteristics of the surface features
among individual tubules at the same level in the
cortex, overall the segments demonstrated a contin-
uation of the same trends that were noted in the
medullary segment; that is, an increase in the number
of R cells and an increase in the complexity of the
lateral cell processes of both cell types. These features
are illustrated in Fig. 5, which represents an ascend-
1Ultrastructural studies have previously demonstrated that the lat-
eral cell processes extending radially from cells of the ascending
thick limb in the inner stripe of the outer medulla are represented
either by those which are chiefly present in the apical region but
extend downward into the cell for varying distances, or by those
which extend the full height of the cell. Since we are unable to
distinguish between the two types of lateral cell processes with
SEM, they will be referred to simply as lateral cellular processes.
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Fig. 2. A stereo pair obtained with SEM illustrating the rough-surfaced R cells (unmarked) covered with microvilli and
the smooth-surfaced S cells (relatively free of microvilli) in the ascending thick limb of Henle from the outer medulla (X
3250).
ing thick limb from the inner cortex, and in Fig. 6,
which represents a second tubule from the outer cor-
tex. In Fig. 5 the pattern is still reminiscent of that
seen in the medullary region, although the distinction
between the two cell types is less obvious. In Fig. 6
very few cells with a smooth surface remain and the
overall impression is one of a more uniform popu-
lation of rough-surfaced cells; however, the character-
istic finger-like processes are still quite evident.
Several additional morphological features were
noted in the cortical segment of the ascending thick
limb. First, it became apparent that as the tubule
passed upward through the cortex, all of the cells,
whether predominantly rough or predominantly
smooth, tended to acquire a more extensive popu-
lation of microvilli over their luminal surface, to the
point where a cell that appeared smooth relative to its
neighbors was actually as rough as a typical R cell
located in the medulla. This property also made it
more difficult to make clear-cut distinctions between
R and S cells in the cortical segment, a feature that
can be appreciated even in the inner cortex (Fig. 5).
Second, as the luminal surface of the cells in the
cortical segment acquired additional microvilli, there
was a tendency for this process to commence at the
most peripheral regions of the cell, i.e., in the areas
formed by the finger-like lateral processes (Fig. 5).
The microvilli appeared to be added in a centripetal
fashion with relative sparing of the most central re-
gion of the cell. It was also noted, especially in the R
cells, that the microvilli covering the surface of the
lateral processes were lower in height and smaller in
diameter than those in the more central portion of the
cell (Fig. 5). Despite the increase in the density of the
microvilli over the cell surface, the cell margins con-
tinued to stand out in obvious relief due to the ten-
dency for those microvilli at the cell margins to be
larger, longer and more densely packed (Figs. 5 and
6).
Traditionally, the transition between the ascending
thick limb and the distal convoluted tubule has been
considered to occur in the region of the macula densa
adjacent to the parent renal corpuscle (Fig. 1). Thus,
it was anticipated that this would be the most likely
1*
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Fig. 3. Scanning electron micrograph depicting a segment of ascending thick limb from the inner stripe of the
outer medulla (X4000). Note the thickness of the epithelium in this region (arrows). In this segment of the
tubule the lateral cell margins between adjacent S cells (below and to the right) are relatively straight;
however, where lateral cell margins of S cells lie in juxtaposition to R cells, the lateral cell processes of the
S cells are more complex.
area in which to search for any further changes in the
surface features of the tubule. One such region is
depicted in Fig. 7a. In this illustration the terminal
portion of the cortical segment of the ascending thick
limb is entering from below, while the earliest region
of the distal convoluted tubule is depicted above and
to the left of the renal corpuscle. Typical R cells with
extensive finger-like lateral processes are still evident
in the terminal ascending thick limb (Fig. 7b). The
cells which formed the macula densa immediately
adjacent to the renal corpuscle possessed a convex
luminal surface and exhibited a relatively simple
shape without evidence of any extensive lateral pro-
cesses (Fig. 7, a and c). The surface projections were
also more uniform in size and configuration, in con-
trast to those of the immediately adjacent R cells of
the ascending thick limb. There was no evidence of
accentuation of the lateral borders of cells forming
the macula densa. While there appeared to be a grad-
ual transition to an epithelium with a less com-
plicated cell shape in the earliest region of the distal
convoluted tubule, it was apparent that the transition
was still not complete in the vicinity of the parent
renal corpuscle. As shown in Fig. 7d, cells with exten-
sive lateral processes resembling those of the ascend-
ing thick limb were still present beyond the region of
the macula densa.
Light microscopy. Light microscopic examination
Je
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of the 1 ,u toluidine blue-stained sections of kidney
from the medullary and the cortical segments of the
ascending thick limb provided additional evidence
for the existence of both smooth-surfaced and rough-
surfaced cells in this segment of the nephron and, in
addition, revealed marked differences in the height of
the lining epithelium in the various regions of the
ascending thick limb. As described previously
[23—25], the transition from the thin to the thick as-
cending limb in both long- and short-looped nephrons
was rather abrupt (Fig. 8, a and b). The cells lining
the early portion of the medullary thick ascending
limb of both long- and short-looped nephrons just
beyond the transition region in the inner stripe of the
outer medulla were low columnar with an average
height of approximately 11 s. These cells displayed a
slightly convex luminal surface which was generally
smooth in contour in the majority of cells. Only an
occasional cell exhibited prominent microvillus proc-
esses corresponding to the larger microvilli which
were observed with SEM on the surface of the R cells.
The apparent absence of R cells at the transition
between the thin and thick segments of the ascending
limb explains in part the difficulty encountered in
identifying this region with SEM. Reliance upon a
change in the thickness of the wall of the tubule was
required for identification of the transition, a mor-
phological feature that was not easy to appreciate
with SEM.
In the outer stripe of the outer medulla, the epithe-
hum lining the thick limb segments was formed by
cells that were lower in overall height, averaging ap-
proximately 7s (Fig. 8c). The luminal surface of the
cells in the majority of tubules was less convex in
appearance in comparison with those cells forming
the epithelium of the medullary segments in the inner
stripe. Cells with an irregular surface contour due to
the presence of microvillus processes and again corre-
sponding to the R cells observed with SEM were
observed more frequently in this region of the me-
dullary segment than in the inner stripe, thus provid-
ing additional confirmation of the SEM findings.
In the cortical segment of the ascending thick limb,
the cells forming the lining epithelium were cuboidal
and of approximately the same height as those in the
thick limb in the outer stripe of the outer medulla.
The most obvious finding was the presence of promi-
nent microvilli on the luminal surface of an increas-
ing number of the cells. In those cortical segments
near the parent renal corpuscle, the majority of the
cells exhibited microvilli on their luminal surfaces
(Fig. 8d), again supporting the results of SEM.
Fig. 4. A stereo pair obtained with SEM illustrating the appearance of a segment of the ascending thick limb near
the boundary between the inner and outer stripe of the outer medulla (X 1950). At this level both the S cells and the
R cells exhibit complex lateral processes extending radially from the main cell body. A vessel is shown on the
left.
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Transmission electron microscopy. TEM was em-
ployed primarily to confirm the results obtained by
SEM and to determine whether morphological differ-
ences other than the configuration of the luminal
surface of the cells were present which could serve to
establish the existence of two distinct cell populations
forming the epithelium of the ascending thick limb.
As noted with SEM and light microscopy, the major-
ity of cells in the inner stripe of the outer medulla
possessed a smooth contour on the luminal surface
(Fig. 9). Where sections included the lateral cell proc-
esses, small blunt microvilli frequently outlined the
lateral cell margins. Just beneath the apical plasma-
lemma of the S cells, numerous apical vesicles and
tubulovesicular profiles were present. Aside from the
presence of microvilli on the luminal cell surface, no
striking morphological differences were observed be-
tween the two cell types in the inner stripe of the
outer medulla; however, there did appear to be fewer
vesicles and tubulovesicular profiles in the apical re-
gions of the R cells.
In the outer stripe of the outer medulla and within
the inner cortex, the differences in surface features
between the two cell types were again readily appre-
ciated. The S cells lacked extensive microvilli except
at their lateral cell margins (Fig. 10). The population
of apical vesicles and tubulovesicular profiles was ex-
tensive. In contrast, the R cells exhibited extensive
microvilli of varying size and configuration on their
apical cell surface (Fig. 11). Again, the only other
difference noted between the two cell types was the
tendency for the R cells to exhibit fewer apical yes-
ides and tubulovesicular profiles, although not in-
frequently vesicles were noted within the microvillus
processes of the R cells.
As the cortical segment of the ascending thick limb
approached the parent renal corpuscle, the majority
of cells were rough-surfaced in character. As shown
in Fig. 12, the apical cell surface was studded with
microvilli of various sizes and shapes. As noted in
other regions, those microvilli immediately adjacent
to the lateral cell margins were usually longer and
more branched than those over the remaining cell
surface (Fig. 13). These morphological features corre-
spond to those images obtained with SEM where the
lateral cell margins were observed to stand out in
relief even in the R cells (Fig. 14). Apical vesicles and
tubulovesicular profiles were less common in the cells
of the more distal region of the cortical ascending
thick limb.
Discussion
The results of the present study reveal for the first
time that the cells which form the epithelium of the
ascending thick limb of Henle exhibit at least two
distinctive structural configurations of their luminal
surface. Smooth-surfaced cells largely devoid of mi-
crovilli except along the apical lateral cell margins
and rough-surfaced cells which exhibited extensive
microvilli were found throughout the medullary seg-
ment of the ascending thick limb. Their presence was
initially appreciated with SEM and confirmed by the
use of light microscopy and TEM. Similar, although
less clear-cut distinctions between smooth- and
rough-surfaced cells were noted throughout the cor-
tical segment of this region of the nephron. Although
the ascending thick limb has been the subject of
rather intense morphological investigation for many
years in a variety of experimental animals and man
[26—32], the use of light microscopy and TEM alone
or in combination had failed to reveal the rather
striking variation in surface structure which was ob-
served in this segment of the nephron in the present
study. In addition, three recent scanning electron mi-
croscopic reports which presented a more general sur-
vey of the mammalian nephron but with special em-
phasis on the tubular segments did not contain
descriptions of any marked variation in the structure
of the luminal surface of cells forming the ascending
thick limb [8, 12, 13]. Bulger, Siegel and Pendergrass
[13] studied the renal morphologic characteristics of
both Wistar-Furth and Sprague-Dawley rats. These
investigators specifically identified ascending thick
limbs of the distal tubule in the outer medulla with
SEM, but did not describe or illustrate the presence
of both rough- and smooth-surfaced cells. Likewise,
Andrews and Porter (12) studying female albino rats
(strain not specified) did not distinguish between
rough- and smooth-surfaced cells in the ascending
thick limb. In a later study by Andrews [8] utilizing
both human kidney tissue and kidney tissue from a
rhesus monkey, there was no mention of a variation
in the surface morphology along the course of the
ascending thick limb.
The explanation for the difference in results be-
Fig. 5. Scanning electron micrograph demonstrating the characteristic appearance of the S cells and the R cells in the inner cortical region of
the ascending thick limb (x4200). Clear-cut distinctions between the two cell types were less obvious in this region as all cells tended to
acquire a more extensive population of microvilli on their luminal surface. Note the extensive increase in the number of small microvilli
covering the surface of the lateral processes of the R cell at the extreme right of the illustration.
Fig. 6. Scanning electron micrograph illustrating the appearance of an ascending thick limb from the outer cortex as it nears the parent renal
corpuscle (X4400). The majority of cells are now rough-surfaced and exhibit extensive lateral processes.
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tween the present study and earlier investigations of
the kidney which employed SEM to evaluate the sur-
face morphology of the ascending thick limb is not
readily apparent. Factors to be considered would in-
dude differences in the techniques of tissue preserva-
tion and preparation that were employed, differences
in the physiological status of the animals prior to
sacrifice which might possibly affect cell morphology,
Fig. 7. A composite offour scanning electron micrographs depicting the most distal region of the cortical segment of the ascending thick limb
as it makes contact with the parent renal corpuscle and exits the region as the early distal convoluted tubule, a) Low magnification survey
micrograph showing the terminal ascending thick limb entering from below and the earliest region of the distal convoluted tubule above
and to the left of the renal corpuscle (X525). b) Higher magnification illustration of the terminal segment of the ascending thick limb
demonstrating the complex nature of the lateral interdigitations of the R cells in the vicinity of the contact point with the renal corpuscle
(RC) (X 1900). c) Higher magnification illustration demonstrating the convex nature of the surface of the cells forming the macula
densa. Accentuation of the lateral margins and apical lateral processes was not observed in the cells of the macula densa. The specimen
has been tilted several degrees to permit better visualization of the macula densa region adjacent to the renal corpuscle (X3300). d)
Higher magnification micrograph taken in the uppermost region of the early distal convoluted tubule (upper left corner) pictured in Fig.
7a. The R cell with extensive lateral processes is approximately 80 j2 beyond the visible portion of the macula densa shown in Fig. 7a
(X6300).
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Fig. 8. A composite of four photomicrographs of the ascending thick limb of Henle. a) Hairpin turn of a short-looped nephron illustrating
transition from descending thin limb to thick limb of Henle (X800). b) Transition from ascending thin to ascending thick limb of Henle
(X675). c) Ascending thick limb from the outer stripe of the outer medulla depicting both R cells (single arrows) and S cells (double arrows)
(X1200). d) Cortical segment of the ascending thick limb near a renal corpuscle (above), illustrating prominent microvilli over the surface of
the majority of the cells (Xl200).
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Fig. 9. Transmission electron micrograph illustrating the general appearance of the S cells of the ascending thick limb in the inner stripe of the
Outer medulla. (X6500)
Fig. 10. Transmission electron micrograph depicting the typical appearance of an S cell of the ascending thick limb situated in the outer stripe
of the outer medulla (X6500). The luminal surface is relatively free of microvilli except at the lateral margins of the cell.
Fig. 11. Transmission electron micrograph illustrating the appearance of an R cell with extensive surface microvilli from an ascending thick
limb located in the outer stripe of the outer medulla (X 7000).
Fig. 12. Transmission electron micrograph from the cortical segment of the ascending thick limb of Henle illustrating the extensive population
of microvilli on the luminal surface of the R cells (X6000).
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differences in the strains of rats that were used, differ-
ences in morphology which might exist between dif-
ferent species of animals and man and failure to cor-
rectly identify the ascending thick limb of Henle in
the present study. Possible differences in the methods
of tissue preservation employed in the various studies
do not appear to represent a very likely explanation
since in vivo intravascular perfusion fixation as em-
ployed in the present study was also used by Bulger et
al [13] and Andrews and Porter [12]. Tissue prepara-
tion for SEM after completion of fixation was also
very similar in all of the studies. It is quite possible
that differences did exist in the physiological status of
animals used in the various studies prior to their
sacrifice, but to invoke this as an explanation for the
difference in findings would require the assumption
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Fig. 13. Higher magnification electron micrograph illustrating the complex nature of the microvilli (arrow) ofan R cell that are located to the
left of the zonula occludens(x 11,500). In contrast, the microvilli of an S cell that are to the right of the zonula occludens are less complicated
and considerably lower in height. Compare with Fig. 14.
Fig. 14. Scanning electron micrograph illustrating the complex configuration of the microvilli which are especially well developed on the R cells
immediately contiguous to the lateral cell margins (X9700).
that the surface morphology of cells within the as-
cending thick limb is somehow dependent on a par-
ticular physiological parameter. Data are not cur-
rently available which address this point. Possible
morphological differences between the different
strains of rats that were studied does not appear to be
a likely explanation, since Sprague-Dawley rats were
used in at least one investigation [13] besides our
own. Differences between the various species of ani-
mals that were studied could serve only as a partial
explanation, since rats were utilized in three of the
four investigations including the present study. Fi-
nally, it is reasonable to question whether the differ-
ence in findings between previous studies in the rat
[12, 13] and our own could be due to our failure to
correctly identify the ascending thick limb of Henle.
To establish positive identification of the ascending
thick limb in this investigation, the tubular structures
at the level of the boundary between the outer and
inner stripes of the outer medulla were examined ini-
tially (Fig. 1). The tubules in this region include the
terminal portion of the pars recta of the proximal
tubule, the early descending thin limb of Henle, the
collecting duct and the ascending thick limb [22]. The
topography of the first three structures as established
by SEM is quite distinctive [12, 13, unpublished ob-
servations], thus leaving only the blood vessels in this
region and the ascending thick limb to be identified.
The thickness of the epithelium of the latter (Fig. 4)
permitted its easy separation from the adjacent thin-
walled blood vessels. Sagittal sections of the kidney
extending from cortex to papillary tip were then stud-
ied and segments of the thick limb were traced in
both directions from the site of positive identi-
fication.
SEM provided the opportunity to evaluate in
greater detail the complex interrelationships between
neighboring cells in the ascending thick limb. As a
tubule passed upward from the outer medulla into
the cortex, the number and complexity of the lateral
cell processes increased up to the region of the mac-
ula densa and the transition to the early distal con-
voluted tubule. From the results of previous mor-
phological studies, it was known that the cells in this
region of the nephron possessed extensive inter-
digitating lateral processes [26—32]. On the basis of
TEM studies alone, Bulger [29] concluded that in the
rat kidney lateral branching or interdigitation of cells
in the latter part of the thick ascending limb mainly
involved the basal region of the cell. If this pattern of
lateral interdigitation were predominant at the ex-
pense of apical lateral interdigitations or inter-
digitations extending from the lumen to the base of
the cell in the cortical segment of the ascending thick
limb, then fewer rather than more lateral processes
should be evident on the luminal cell surface when
t 
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viewed with SEM. However, the present SEM studies
demonstrated that the number and complexity of
apical lateral interdigitations in the cortical segment
of the ascending thick limb actually increased rather
than decreased. Apical lateral cell processes were not
observed in the region of the macula densa, however,
(Fig. 7c) and decreased markedly in the region of
transition from the ascending thick limb to the early
distal convoluted tubule.
The morphological data provided by the present
study do not totally resolve the question of whether
the epithelium of the ascending thick limb is actually
formed by two entirely distinct cell types or whether
the difference in surface morphology simply repre-
sents a variation in the cellular configuration of a
single cell type. From a morphological standpoint,
the answer to this question would appear to hinge, in
part, on what constitutes sufficient evidence to estab-
lish the presence of two morphologically distinct
cells. Certainly, the difference in the topography of
the rough-surfaced and smooth-surfaced cells was
quite striking. On the other hand, with the possible
exception of a difference in the complement of yes-
ides and tubulovesicular profiles that was present in
the apical region of the cells as noted with TEM,
additional morphological variations between the
rough-surfaced and smooth-surfaced cells were not
readily apparent. While we favor the concept that the
present morphological evidence is sufficient to estab-
lish the existence of two cell types in the ascending
thick limb, we recognize that the alternative explana-
tion is also quite plausible. Nevertheless, whether we
are dealing with two morphologically distinct cell
types or a variation in surface structure of a single cell
type, the presence of both smooth-surfaced and
rough-surfaced cells must be considered in future
structural-functional studies involving the ascending
thick limb of Henie in the rat.
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